Nineteen patients with acute ischemic stroke «24 hours) underwent diffusion-weighted and perfusion-weighted (PWI) magnetic resonance imaging at the acute stage and I week later. Eleven patients also underwent technetium-99m ethyl cysteinate dimer single-photon emission computed to mography (SPECT) at the acute stage, Relative (ischemic vs, contralateral control) cerebral blood flow (reICBF), relative cerebral blood volume, and relative mean transit time were measured in the ischemic core, in the area of infarct growth, and in the eventually viable ischemic tissue on PWI maps, The relCBF was also measured from SPECr. There was a curvi linear relationship between the relCBF measured from PWI and Positron emission tomography (PET) has largely im proved our knowledge of the pathophysiology of isch emic stroke in the living human brain (Furlan et ai., relative cerebral blood flow; relCBV, relative cerebral blood volume; reIMTT, relative mean transit time; ROI, region of interest; SPECT, single-photon emission com puted tomography; 99 mTc_ECD, technetium-99m ethyl cysteinate dimer; 99 mTc-HMPAO, technetium-99m-hexamethylpropyleneamine oxime.
Summary: Nineteen patients with acute ischemic stroke «24 hours) underwent diffusion-weighted and perfusion-weighted (PWI) magnetic resonance imaging at the acute stage and I week later. Eleven patients also underwent technetium-99m ethyl cysteinate dimer single-photon emission computed to mography (SPECT) at the acute stage, Relative (ischemic vs, contralateral control) cerebral blood flow (reICBF), relative cerebral blood volume, and relative mean transit time were measured in the ischemic core, in the area of infarct growth, and in the eventually viable ischemic tissue on PWI maps, The relCBF was also measured from SPECr. There was a curvi linear relationship between the relCBF measured from PWI and Positron emission tomography (PET) has largely im proved our knowledge of the pathophysiology of isch emic stroke in the living human brain (Furlan et ai., 1996; Hakim et ai., 1989; Heiss et ai., 1992; Lassen, SPECT (r = 0,854; P < 0,001), The tissue proceeding to in farction during the follow-up had significantly lower initial CBF and cerebral blood volume values on PWI maps (P < 0,001) than the eventually viable ischemic tissue had, The best value for discriminating the area of infarct growth from the eventually viable ischemic tissue was 48% for PWI relCBF and 87% for PWI relative cerebral blood volume, Combined diffu sion and perfusion-weighted imaging enables one to detect he modynamically different subregions inside the initial perfusion abnormality, Tissue survival may be different in these subre gions and may be predicted, Key Words: Diffusion-Human Magnetic resonance imaging-Perfusion-SPECT-Stroke.
1985; Marchal et aL, 1996 Marchal et aL, , 1999 , Because of its high cost and limited availability, PET is of limited value in clinical practice, Because diffusion-weighted (DWI) and perfusion-weighted (PWI) magnetic resonance (MR) im aging scans have higher spatial resolution and are avail able in most institutions equipped with high-field MR units, they have been expanding our knowledge of isch emic stroke in vivo, A better understanding of the hemo dynamic changes in the ischemic brain tissue may be helpful in predicting the outcome of stroke, thereby im proving patient management and evaluation of the effi ciency of novel therapies, PWI can provide information about the capillary "per fusion" in the brain, DWI is sensitive to the molecular diffusion of water and detects decreased diffusion in ischemic brain tissue (Baird and Warach, 1998) , Al though the lesions seen in DWI have been reversible in some animal models (Minematsu et ai., 1992b) and in patients with transient ischemic attacks (Kidwell et ai., 1999) , there are only a few observations of recovery of ischemic brain tissue with decreased diffusion in humans (Marks et aI., 1996; Sorensen et aI., 1996) . In a recent study by Marks et al. (1999) , apparent diffusion coeffi cient maps showed lesion shrinkage in patients treated with thrombolysis. However, fluid-attenuated inversion recovery images showed that this was not a true benefi cial effect but merely pseudonormalization of the appar ent diffusion coefficient (Marks et aI., 1999) . Thus, be cause the lesion on DWI is rarely reversible, DWI is at present the most accurate clinically available method to visualize infarcted brain tissue at the acute stage. By using combined DWI and PWI, it may be possible to distinguish the infarcted tissue from the hypoperfused but still viable ischemic tissue (Baird et aI., 1997; So rensen et aI., 1996) . The mismatch between PWI and DWI lesions has been shown to predict infarct growth (Baird et ai., 1996; Karonen et ai., 1999; Sorensen et ai., 1999) . The mismatch between single-photon emission computed tomography (SPECT) and DWI lesions has also been shown to predict infarct growth (Karonen et aI., 2000) .
Various types of perfusion maps can be generated from PWI data (Sorensen et aI., 1999) . Their significance in clinical stroke has not yet been fully clarified. More over, defining lesion volumes visually on PWI maps may impair the predictive capability (Sorensen et ai., 1999) , because minor hemodynamic changes in the ischemic territory on PWI maps are visually indistinguishable. It is crucial to establish empirical hemodynamic threshold pa rameters that could distinguish between brain tissue that is potentially salvageable with early reperfusion and ir reversibly damaged tissue that will inevitably suffer infarction.
SPECT is a well-characterized method used to mea sure cerebral blood flow (CBF), and it has a well established record in terms of predicting outcome rela tive to a fixed ischemic threshold (Shimosegawa et ai., 1994; Ueda et aI., 1999; Watanabe et aI., 1999) . Re cently, a significant correlation in CBF in normal sub jects was found between PWI and SPECT (Ernst et aI., 1999) , but the correlation between the two methods has not been previously studied in ischemic stroke.
The purposes of this study were (1) to clarify the re lationship between the CBF values measured from SPECT and PWI in human ischemic stroke; (2) to de termine the characteristics of cortical cerebral perfusion for ischemic tissue; and finally, (3) to determine the cut off percentage of the hemodynamic parameters between ischemic tissue that ultimately remains viable and isch emic tissue that eventually suffers infarction.
MATERIALS AND METHODS

Patients
Nineteen patients (11 women, 8 men; mean age ± SO, 71 ± 8 years) with first -ever acute infarction in the territory of the anterior cerebral circulation were enrolled into this study. Be cause various subgroups of cerebral infarction have different clinicopathologic characteristics (Bamford et aI., 1991; Oe Reuck et aI., 1981) , patients with lacunar infarcts or infarcts in the territory of posterior circulation were not included in this study. The inclusion criteria were as follows: (1) the patient had symptoms and signs of acute hemispheric ischemic stroke; (2) cerebral hemorrhage and other non ischemic causes for symp toms were excluded by computed tomography; (3) MR imaging could be performed within 24 hours of the onset of symptoms; (4) the follow-up MR imaging could be performed at 1 week after the symptoms onset; and (5) the patient did not receive thrombolytic or experimental neuroprotective agents. Use of anticoagulation or anti platelet drugs was not an exclusion criterion.
On admission to the hospital, the mean volume of infarct (the lesion volume on OWL) was 36.1 ± 33.5 cm3 (mean ± SO), and the National Institutes of Health Stroke Scale was 14 ± 6. The time delay from the onset of symptoms to the initial MR im aging was 10.0 ± 4.6 hours ( Table 1 ). The onset of symptoms was defined as the time the patient was last known to be with out symptoms.
Eleven patients (5 women, 6 men; mean age, 71 ± 9 years) also underwent SPECT immediately after MR imaging at the acute stage. The tracer for SPECT was injected within 1 hour of PWI, which makes the findings in SPECT and PWI compa rable. Informed consent was obtained from the patient or the patient's relative. The study design was approved by the Ethics Committee of Kuopio University Hospital.
MR imaging
Each patient was imaged at the acute stage and 1 week after the onset of symptoms. All MR imaging studies were per formed with a 1.5-T whole-body scanner capable of echo pla nar imaging (Magnetom Vision, Siemens Medical Systems, Erlangen, Germany) by using a head coil. The patient's head was fixed with standard restraints used in routine clinical MR imaging. Each MR imaging examination consisted of OWl, PWI, 20-phase-contrast MR angiography of the circle of Willis, T2-weighted and proton density-weighted axial fast spin echo imaging, and precontrast and postcontrast Tl-weighted axial spin echo imaging. The total imaging time was approximately 20 minutes.
OWl was performed with a single-shot echo planar spin echo sequence (repetition time, 4,000 milliseconds; echo time, 103 milliseconds). Other imaging parameters were as follows: slice thickness, 5 mm; interslice gap, 1.5 mm; field of view, 260 mm; matrix size, 96 x 128 interpolated to 256 x 256; and total acquisition time, 20 seconds. Nineteen axial slices parallel to the orbitomeatal line were imaged. Four images per slice were obtained, i.e., one T2-weighted image without diffusion weighting (b-value, 0 s/mm2) and three diffusion-weighted im ages with orthogonally applied diffusion gradients (b-value, 1,000 s/mm2). To avoid the effects of diffusion anisotropy, trace images (trace of the diffusion tensor) were calculated as an average of the signal intensity in each diffusion-weighted image on a voxel-by-voxel basis.
PWI was also performed with a single-shot echo planar spin echo sequence (repetition time, 1,500 milliseconds; echo time, 78 milliseconds, field of view, 260 mm; matrix size 116 x 256). Seven 5-mm-thick axial slices with 1.5-mm interslice gaps were imaged at the slice positions containing the largest diffu sion defect. Forty images per slice were acquired with 1.5second intervals. A 0.2 mmol/kg dose of gadopentetate dime glumine (Magnevist, Schering AG, Berlin, Germany) was in jected into an antecubital vein (rate 5 mLls) followed by a Lesion size on OW l tinal > initial tinal > initial final> initial final initial tinal = initial final = initial final> initial final> initial final> initial tinal = initial final> initial final> initial final = initial tinal > initial final> initial final> initial final> initial final> initial tinal = initial IS-mL bolus of saline. The injection was given with an MR compatible power injector (Spectris, Medrad, Pittsburgh, PA, U.S.A.) after four baseline measurements.
Perfusion raw images were postprocessed to generate maps of cerebral blood volume (CBV), CBF, and mean transit time (MTT) (0stergaard et a!., 1996a,b). CBV was determined on a voxel-by-voxel basis by numerical integration of the first-pass concentration-time curve. The shape of the arterial input func tion was determined from the voxels located at a branch of the middle cerebral artery, showing large signal losses during the bolus passage. The tissue impulse response function was de termined by deconvolving the tissue concentration-time curve with the arterial input function. CBF was subsequently deter mined as the height of the deconvolved tissue impulse re sponse. MTT was then calculated according to the central vol ume theorem as the CBV/CBF ratio.
SPECT imaging
Technetium-99m ethyl cysteinate dimer t 9 mTc-ECD) was used as the tracer. A dose of 550 to 720 MBq, which varied according to the body weight of the patient, was injected into an antecubital vein within I hour of the PWI. Within 60 minutes after the injection, high resolution SPECT acquisition was per formed with a gamma camera equipped with fan-beam colli mators (MultiSPECT 3; Siemens Medical Systems, Inc., Hoff man Estates, IL, U.S.A.). A full 3600 rotation was acquired (40 views/detector, each for 35 seconds). The matrix size was 128
x 128 and the imaging resolution was 8 to 9 mm. Contiguous 6-mm-thick axial slices aligned parallel with the orbitomeatal line were reconstructed by filtered backprojection and a uni form attenuation correction was performed.
Regional analysis
The total infarct volume at acute stage was measured from all initial DWI slices containing the lesion. Volumes of diffu sion were measured by drawing regions of interest (ROls) around the lesions on the trace images and by multiplying the Vol. 20. No.6, 2000 lesion area by the slice thickness. The interslice gap was esti mated to contain a lesion of the same size as the slice above it, and the lesion inside the gap was included in the volume calculation.
The 20-phase-contrast MR angiography studies were inde pendently interpreted by two reviewers (J.O.K. and R.L.V.). Disagreement occurred only in one case (patient 9) in whom consensus was reached.
Gray and white matter display different vulnerability to isch emia (Moody et a!., 1990) . Therefore, cortical and deep white matter subregions within the ischemic brain parenchyma may show different outcomes in response to an observed blood flow deficit. In addition, SPECT does not allow accurate measure ment of the blood flow in deep white matter. So, to achieve more accurate comparisons, only the cortical areas (on SPECT) were analyzed in this study. Because of the limitation of spatial resolution, "cortical areas" contained not only gray matter but also some subcortical white matter.
SPECT-MR coregistration was performed on a Hermes workstation (Nuclear Diagnostics AB, Hagersten, Sweden) with multimodality image software (MultiModality, Nuclear Diagnostics AB, Hagersten, Sweden), which enables accurate alignment of MR and SPECT images (Julin et aI., 1997) . The thickness of the original contiguous axial SPECT images was first reconstructed to 6.5 mm (slice thickness 5 mm + interslice gap 1.5 mm on PWI), then the SPECT images were reoriented to confirm that the boundaries of brain tissue and lateral ven tricles aligned with the corresponding structures in PWI slices. All analyzes were limited to the tissue volume of seven slices that could be imaged with PWI (with the exception of the total infarct volume presented in Table 1 ). The number of slices analyzed for each patient varied from three to seven.
The ischemic core, the area of infarct growth, the eventually viable ischemic tissue, and the normal tissue were determined by visually reviewing the MR examinations from the acute stage and at I week (Fig. I) . The ischemic core was defined as FIG. 1. A 71-year-old woman (patient 8) with right hemiparesis and dysphasia 8 hours before the first MRI. OWl trace images on the first day (A) and at 1 week (8) were compared with each other and with PWI MTT map on the first day (C) when the ROls were drawn. First, ROI 1 was drawn on the cortical region of infarcted core detected by OWl on the first day (A). Second, cortical area of infarct growth (ROI 3) was determined by comparing the trace images (A) and (8). The eventually viable cortical ischemic tissue (ROI 5) was defined as tissue with prolonged MTT (C) but which remained non-infarcted at one week (8). Finally, ROI 7 was placed on cortical tissue that appeared normal on both OWl and PWI. For calculation of relative values for perfusion parameters, the corresponding ROls 2, 4, 6 and 8 were drawn on the contralateral normal side. The ROls were copied from OWl to corresponding slices on the MTT (C), CBF (D) and CBV (E) maps calculated from PWI raw data, as well as on the reoriented SPECT slices (F). Relative values of various perfusion parameters were then determined by calculating the ratios of values measured from ROls on ischemic side (for example, ROI1) and contralateral side (for example, ROI 2). the lesion on the diffusion trace images at the acute stage. The area of infarct growth was determined as the difference be tween lesions in the diffusion trace images obtained at the acute stage and at I week. The eventually viable ischemic tissue was determined as the mismatch area between the infarct area on the diffusion trace images at I week and the area of prolonged MTT at the acute stage PWI. This zone was determined only if the size of the lesion on MTT map at the acute stage PWI was larger than the size of the lesion on trace images at I week. The normal tissue was determined as the tissue that had a normal appearance on both PWI and DWI.
Irregular ROIs were drawn manually by one interpreter (Y.L.) on the cortical brain areas of the four zones (ischemic core, area of infarct growth, eventually viable ischemic tissue. and normal tissue) at first on DWI trace images. The ROIs were then placed on the corresponding contralateral regions. These 914 y. LJU ET AL.
within the normal tissue in 11 patients. In three patients (pa tients 9, 11, and 14), lesions on the initial trace images were localized in the white matter and no ROI was drawn on the cortex of the ischemic core. In one patient (patient 3), no ROI was drawn on the normal tissue, as the entire hemisphere showed prolonged MTI values.
The percentage ratios between the hemodynamic parameters on the ischemic side and those on the contralateral region were calculated, and the relative CBF (reICBF) from PWI and SPECT and relative CBV (reICBV) and relative MTT (reIMTI) from PWI were thus determined. The mean values of reICBF, relCBV and relMTI of each zone in each patient were also calculated by averaging all individual measurements in corresponding zones on different slices. These mean values were used in the further multiple zone comparisons.
To test the reproducibility of the PWI and SPECT measure ments, interobserver variability and intraobserver reproducibil ity were analyzed. To test the interobserver variability, two observers (Y.L. and A.H.) independently measured relative he modynamic parameters of the three ischemic zones on PWI and SPECT slices in 10 randomly selected patients. To test the intraobserver reproducibility, one observer (Y.L.) performed the measurements twice on PWI and SPECT in five randomly selected patients with an interval of at least 1 month between the measurements.
Statistical analysis
With the exception of relMTI of the ischemic core, the relative hemodynamic parameters proved to be normally dis tributed by the Kolmogorov-Smimov test. Intraclass correlation coefficient (r;) was used to analyze the reproducibility of the measurements. Pearson's correlation coefficient (r) was used to calculate the correlation between the relCBF in all ROIs con sisting of the ischemic zones and normal brain area measured from SPECT and PWI. The difference between the relCBF in ROIs measured from PWI and SPECT in each corresponding ischemic zone was analyzed with a paired Student's t-test. Dis criminant analysis was performed to estimate cutoff values for relCBF and relCBV in ROIs to discriminate between the area of infarct growth and the eventually viable ischemic tissue. The sensitivity, specificity, and efficiency to predict tissue outcome (infarction or noninfarction) were calculated by using these cutoff values. P < 0.05 was considered statistically significant.
The differences between the mean values of reICBF, reICBV, and relMTI of the three ischemic zones and normal brain were studied by the Kruskal-Wallis test. If the differences were significant, paired comparisons were performed with the Mann-Whitney U test.
RESULTS
All patients had findings consistent with infarct (de creased molecular diffusion) at the acute stage. In 13 patients, the volume of the infarcted tissue increased on DWI images. In six patients, the volume of the infarct did not increase during the first week when evaluation of the DWI images occurred. In 14 cases, the initial MTT perfusion defect was larger than the final size of the infarct on the DWI images 1 week after the onset of the symptoms. In 5 patients, the initial perfusion defect on the MIT maps was equal to the final size of the infarct on the DWI images at 1 week (Table 1 ). In all 19 pa tients, there was an ischemic core; in 13 patients, there was a zone consistent with infarct growth; and in 14 cases, there was a zone corresponding to eventually vi able ischemic tissue. The MR angiography findings are summarized in Table 1 .
Reproducibility of the measurements
The reproducibility analysis was performed between the individual measurements on various slices. The in trac1ass correlation coefficients of the relCBF (PWI), relCBV, relMTT, and relCBF (SPECT) in interobserver variability analysis were 0.848, 0.864, 0.796 (P < 0.01; n = 100) and 0.892 (P < 0.01; n = 45), respectively, and in intraobserver reproducibility analysis 0.931, 0.938, 0.835 (P < 0.01; n = 40) and 0.934 (P < 0.01; n = 26), respectively.
Comparison of SPECT and PWI In the 11 patients who underwent both MR imaging and SPECT during the acute stage, the relCBF measured from SPECT showed a curvilinear relationship with those measured from PWI. A statistically significant cor relation existed between the relCBF measured from SPECT and PWI when a logarithmic transformation was performed for the relCBF measured from PWI (linear correlation, r = 0.777, n = 156; and linear-logarithmic correlation, r = 0.854, P < 0.001, n = 156) (Fig. 2) . The relCBF values measured from SPECT were significantly higher than those measured from PWI in each of the three ischemic zones (ischemic core, area of infarct growth, and eventually viable ischemic tissue) (P < 0.001; n = 46, 20, and 52, respectively).
Discriminant analysis
According to the discriminant analysis, the best cutoff value to discriminate between the area of infarct growth and the eventually viable ischemic tissue was 48% for PWI rclCBF and 87% for PWI relCBV (Fig. 3) . The sensitivity, specificity, and efficiency of discrimination to predict the tissue outcome are summarized in Table 2 .
Relative hemodynamic parameters
The mean values of the relative hemodynamic param eters from affected slices of each patient in the four zones are listed in Table 3 . In PWI, relCBF values in the isch emic core, the area of infarct growth, and the eventually viable ischemic tissue were 13% ± 6%, 35% ± 12%, and 66% ± 16%, respectively. In SPECT, relCBF values in the corresponding zones were 27% ± 14%, 69% ± 15%, and 87% ± 7%, respectively. The relCBV values in the corresponding zones were 25% ± 10%, 69% ± 19%, and Patient  SPECT  CBF  CBV  MTT  SPECT  CBF  CBV  MTT  SPECr  CBF  CBV  MTT  SPECT  CBF  CBV  MTT   I  44  17  24  185  77  35  84  219  85  50  102  209  95  98  100  99   2  26  6  10  188  85  16  53  288  95  50  109  224  101  114  119  96   3  16  8  19  201  74  33  82  255  87  72  128 113% ± 13%, respectively. The relMTT values in the corresponding zones were 199% ± 75%, 209% ± 46%, and 184% ± 42%, respectively. The tissue proceeding to infarction during the follow-up had significantly lower initial relCBF and relCBV values on the PWI maps (P < 0.001) than the eventually viable ischemic tissue had. Also the relCBF measured from SPECT was lower in the zone proceeding to infarction than in the eventually vi able ischemic tissue in seven patients (P = 0.011). For both relCBF and relCBV measured from PWI, the values of the four different zones differed statistically signifi cantly (P :S 0.003). The relCBF values were signifi cantly lower, but the relCBV values higher, in the even tually viable ischemic tissue than in the normal brain. For reIMTT, the values differed statistically significantly only when normal tissue was compared with ischemic zones (Table 4) .
DISCUSSION
At present, the efficient therapeutic time window for ischemic stroke is limited to 6 hours within the onset of symptoms (Albers, 1999) . This rigid time window has been challenged by studies on human ischemic stroke (Baron et aI., 1995) . There is evidence that many patients have potentially salvageable tissue even up to 24 hours after stroke onset (Albers, 1999; Baron et aI., 1995; Fisher, 1997) . The potential effectiveness of therapy does not depend only on the time delay from the onset of symptoms, but obviously also on the presence of sal vageable tissue at the time of administration of the treat ment (Albers, 1999; Baron et aI., 1995; Fisher, 1997) . Although only one patient in the present study had the J Cereb Blood Flow Metab, Vol. 20, No.6, 2000 first MR imaging within 6 hours, our results reflect the clinical reality; i.e., only a minority of patients with isch emic strokes are hospitalized within 6 hours of the onset of symptoms. In contrast, the patient imaged within 6 hours of the onset of symptoms (patient 6) did not seem to have had salvageable ischemic tissue left.
Ischemia causes a decrease in the molecular diffusion of water. The main mechanism for this change is thought to be cytotoxic edema (Baird and Warach, 1998) . DWI is able to detect ischemic cellular injury earlier than any other imaging method in vivo. Early ischemic changes have been detected with DWI even when standard T2weighted images are normal, both in animal models and in humans (Moseley et aI., 1990; Sorensen et al., 1996) .
In a rodent stroke model with focal middle cerebral ar tery occlusion, the DWI lesion volume became equiva lent in size to the histologically measured final infarct size within 24 hours (Knight et aI., 1994; Minematsu et aI., 1992a) . Schwamm et al. (1998) reported that in hu mans, the DWI lesion volume reached its maximum, on average, 70 hours after onset of stroke. The lesion on the initial DWI can be considered to represent the ischemic core. Subsequently, the lesion detected with DWI at 1 week can be considered to represent the final infarcted tissue. The difference between the lesions assessed by DWI on the initial examination and on the examination at 1 week can be determined as the area of infarct growth. However, because T2 effect also contributes to the signal intensity on DWI, accurate determination of the extent of the infarcted tissue at 1 week may be im paired by vasogenic edema. Using PET, Schumann et al. (1998) suggested that CBF/CBV ratio (l/MTT) is directly proportional to the cerebral perfusion pressure. MTT may be prolonged even when there is only a modest decrease in the perfu sion pressure, such as in oligemic states. Consequently, because MTT is a very sensitive marker of decreased perfusion pressure in acute stroke, it may be used for detecting tissue that is at risk of infarction but that may also remain viable if adequate perfusion is restored.
Comparison of SPECT and PWI
There was a curvilinear relationship between the relCBF measured from 99mTc-ECD-SPECT and PWI. The reason behind this phenomenon may be that the 99mTc_ECD uptake ratio shows a curvilinear relationship with CBF measured with PET (Tsuchida et aI., 1994) . In contrast, the CBF measured from PWI is in a linear re lationship with absolute CBF measured with PET (0ster gaard et aI., 1998).
99mTc_ECD has moderate cerebral extraction in corti cal regions with high flow rates, and high cerebral ex traction in regions with low flow rates (Walovitch et aI., 1994) . When 99mTc-ECD-SPECT was performed on pa tients with acute ischemic stroke, the underestimation of CBF was more severe on the contralateral control side (with high flow rate) than on the ischemic side (with low flow rate). Therefore, the lesion-to-normal ratio (relCBF) on 99mTc-ECD-SPECT underestimated the severity of hypoperfusion in patients with ischemic stroke. Further more, unlike the feature of the another perfusion dependent tracer, techneti um-99m -hex arne thy 1propyleneamine oxime e9mTc-HMPAO), the uptake of 99mTc_ECD is affected also by brain metabolism. In hy poperfused states, the uptake of 99mTc_ECD is better pre served than would be predicted by the CBF (Shimo  segawa et al., 1997) . This may also contribute to the discrepancies between relCBF measured on SPECT and PWI in the present study. In clinical practice, the poten tial of 99mTc-ECD-SPECT to provide information also of brain metabolism might also be of special interest.
SPECT relies on the diffusion of a lipophilic radio tracer across the blood-brain barrier and provides a good estimate of perfusion at the capillary level. PWI is rela tively sensitive to the presence of large vessels, even when spin echo echo-planar imaging sequences are used, and provides perfusion information from cortex and nearby vessels in the sulci (Ernst et aI., 1999) . CBF in the vessels in the sulci, close to the ischemic territory, is affected by the arterial occlusion on the ischemic side. The ratio between the PWI CBF measured from the isch emic side and that from the contralateral side therefore overestimates the severity of the ischemia. Ernst et al. (1999) reported that elimination of large vessels in PWI can improve the correlation between 99mTc_HMPAO_ SPECT and PWI in normal subjects. In our material, the relatively high signal from large vessels may partly ex plain the different relCBF values between SPECT and PWI in ischemic stroke. In addition, the acoustic noise during MR imaging can lead to activation in the primary auditory cortex in the normal temporal lobes, which re sults in increased CBF in PWI (Bandettini et aI., 1998) .
Relative hemodynamic parameters
A study by Shimosegawa et al. (1994) showed that the relCBF values, which were measured from the 99mTc_ HMP AO-SPECT within 6 hours of stroke onset, were 48% ± 14% and 75% ± 10%, respectively, for the infarct and peri infarct regions. The relCBF of 99IT1Tc_ECD_ SPECT for the corresponding tissues in the present study were 45% ± 26% (mean relCBF of the ischemic core and the area of infarct growth) and 87% ± 7% (the eventually viable ischemic tissue), respectively. Our relCBF value for the periinfarct tissue was therefore somewhat higher than reported by Shimosegawa et al. (1994) . This dis crepancy could be explained by the fact that the lesions with prolonged MTT on MTT maps were visually larger than lesions with reduced CBF on SPECT. Conse quently, a part of the eventually viable tissue in the pres ent study would have been categorized as normal tissue in their study. The effect of metabolism on the uptake of 99mTc_ECD may also play a role in this discrepancy.
The threshold for cellular injury at a given CBF is directly related to the duration of ischemia (Hoehn Berlage et aI., 1995; Mancuso et aI., 1995) . Both experi mental stroke models and human studies have shown that the ischemic tissue with very low CBF (<10 to 12 mLi 100 g/min) will relatively rapidly lead to irreversible y. LtV ET AL.
ischemic damage (Hakim et aI., 1989; Heiss et aI., 1992; Jones et aI., 1981; Marchal et aI., 1999) . In the surround ing region of moderately ischemic tissue (approximately in the range of 10 to 20 mUI00 g/min), the tissue will gradually suffer infarction if low flow persists for a suf ficiently long time (Furlan et a!., 1996; Hossmann, 1994; Marchal et aI., 1996) . If the CBF remains in 20 to 30 mLl100 g/min, the tissue will not suffer infarction (Furlan et a!., 1996) . Flow of 20 to 23 mLllOO g/min seems to be the cutoff CBF value between ischemic tis sue that ultimately remains viable and ischemic tissue that eventually suffers infarction (Furlan et aI., 1996; Hakim et aI., 1989; Jones et a!., 1981; Marchal et aI., 1996) . The CBF of mixed gray and white matter is about 50 mLIl 00 g/min in normal human brain (Lassen, 1985) . Therefore, cutoff relCBF value of 48% can be converted into 24 mLl100 g/min, and the relCBF in ischemic core (13%), the area of infarct growth (35%), and eventually viable ischemic tissue (66%) can be converted into 7, 18, and 33 mLllOO g/min, respectively. These values are in good agreement with the previous studies. In further agreement with our findings, Takagi et a!. (1993) dem onstrated in a cat stroke model that the threshold CBF for moderate glutamate release was 48% of the preischemic CBF. Glutamate is thought to be the major cause of excitatory neurotoxicity, and this is one of the earliest events occurring in stroke (Takano et aI., 1997; Tatlisu mak et aI., 1998) . Hatazawa et al. (1999) suggested that for reICBF, the cutoff value was 52% and for relCBV the cutoff value was 85% between infarction and noninfarc tion in human ischemic stroke. Schlaug et al. (1999) found that in the ischemic core and in the area of infarct growth, the CBF decreased to 12% and 37% of the contralateral control region, respec tively. Compared with the present study, Schlaug et al. (1999) used different methods to generate CBV, CBF, and MTT maps. They did not identify the arterial input function and determined the end of the first pass bolus separately for each region (core, contralateral control re gion, and penumbra), whereas we used a relatively large ROI to identify a global end point for all voxels. Thus, the relative CBV values in our study and the study by Schlaug et al. (1999) are not directly comparable. It is interesting that despite the different methods to calculate CBF maps, the CBF values for the area of ischemic core [13% in our study vs. 12% in the study by Schlaug et al. (1999) ] and for the zone of infarct growth (35% and 37%, respectively) are rather similar in these two studies.
In 23 cases studied within 12 hours of onset, Sorensen et al. (1999) reported that the lesion volumes on CBV maps correlated better with the eventual infarct volumes than the lesion volumes on CBF and MTT maps did. Also in our approach to predict tissue outcome, CBV and CBF had slightly different potentials to predict whether the tissue is going to proceed to infarction. According to J Cereb Blood Flow Metab. Vol. 20, No.6, 2000 the discriminant analysis, the specificity to predict the tissue outcome was 66% with the relCBF cutoff value of 48% and it was 82% when the relCBV cutoff value of 87% was used.
Similar to CBF, CBV shows a gradient from the pe riphery to the core. The relCBV values in the ischemic core, in the area of infarct growth, and in the eventually viable ischemic tissue measured from CBV maps were 25%, 69% and 113%, respectively. These gradients are probably caused by the establishment of collateral circu lation and autoregulatory vasodilatation, which both seem to play an important role in preventing the ischemic tissue from proceeding to infarct in the periphery of the ischemic zone (Y onas and Pindzola, 1994) . In animal stroke models, a variety of nonvasoactive drugs are able to dramatically reduce the volume of ischemic lesion without substantially changing CBF (Beauchamp and Bryan, 1998) . Some nonvasoactive drugs can reach the target region through the collateral circulation. It is note worthy that the CBV increased to 113% in the eventually viable ischemic tissue. In feline stroke model with middle cerebral artery occlusion, Maeda et al. (1993) reported increased CBV in the affected but noninfarcted cortices. Tsuchida et al. (1997) and Wu et a!. (1998) reported similar results in patients with ischemic stroke.
Limitations of the study
Our study has certain limitations. First, only one pa tient was studied within 6 hours of onset. Whether our results are valid, considering the acute stage in which therapy is presently advocated, must be further studied. It should also be noted that we used an ROI instead of a voxel-based image analysis. Also, we defined the ROIs (the ischemic core, the area of infarct growth, and the eventually viable ischemic tissue) partly retrospectively by using information not only from the initial diffusion trace images and the initial MTT maps, but also from the diffusion trace images at I week, when the outcome of the tissue was known. Further studies are needed to con firm whether the tissue outcome can be predicted in the acute phase without the knowledge of the imaging find ing at 1 week. In patients with ischemic stroke, CBF and CBV values provided by MR perfusion imaging have not been validated by PET. Comparison studies, with timely adequate comparison of MR imaging CBF values with PET CBF values, in stroke patients would be most helpful.
Conclusion
Combined DWI and PWI allows one to detect hemo dynamically different subregions within the initial per fusion abnormality. PWI seems to have potential to re place SPECT in investigating acute ischemic stroke. PWI provides quantitative information with higher spatial resolution, and it has shown potential to predict the out come of ischemic brain tissue.
